Rice straw remains almost unutilised in the majority of cases and is usually burned. Data on rice residue production under European conditions are extremely limited. A detailed assessment of rice biomass yield, partitioning and straw collection was carried out in Spain. Eleven commercial rice varieties were evaluated in 2015, and two baling trials were performed in 2014 and 2015. The average straw yield was 9.7 t·ha -1 . Straw yield, biomass partitioning indices and fibre composition varied significantly according to rice variety. Straw to grain ratio and harvest index were 1.00 and 0.50 on average for rough grain, and 1.25 and 0.41 for husked grain. Biomass partitioning indices significantly correlated with grain yield. Mean content of cellulose, hemicellulose, lignin and ash of rice straw was 32.5%, 19.8%, 6.5% and 13.7%, respectively. Straw amount of less than 3.0 t·ha -1 can be collected during the baling trials. Rice straw could represent an eco-friendly source of lignocellulosic biomass in Europe, however, in order to achieve this, baling machine improvements and special crop management should be carried out.
Rice is one of the most widely grown crops in the world. Total area on which the rice is cultivated is approx. 163 million ha; 88% of this cultivation area is located in Asia (Moreno-García et al., 2017) . World rice production amounts to approx. 618 million tons per year (Rahimi-Ajdadi et al., 2018) . In terms of Europe, majority of rice cultivation areas are located in the Mediterranean countries. Total European harvested area amounts to approx. 642,000 ha and is primarily located in Italy and Spain (Moreno-García et al., 2017) . Rice cultivation yields three by-products, straw and the residues after grain milling (husk and bran). Straw and husk remain almost unutilised, despite that various studies have been done in the past. The high mineral content is one of the main limitations to their use as animal feed, apart from its high lignocellulose content (Vadiveloo et al., 2009) . Collection of rice straw is still a major challenge. Field baling is by far the least expensive method for harvesting and packing rice straw (Hegazy and Snadro, 2016) . Straw collection is complicated because rice is usually grown under waterlogged conditions. In the Mediterranean Basin, rice straw is available for baling in autumn, when weather conditions are not suitable for this operation. On the other hand, the incorporation of rice straw into the paddy soil can cause physiological damage to the crop (Dobermann and Fairhurst, 2000; Olk et al., 2000) . For these reasons, rice straw is usually burned, emitting CO 2 into the atmosphere. Burning of rice straw in the open fields results in air pollution, as well as particulate matter release into the atmosphere (Abraham et al., 2016) . Nowadays, one of the main world issues is how to reduce the greenhouse gases emissions (GHGe) in order to mitigate the climate change and ensure sustainable economic growth. The EU tries to find cost-efficient ways to make the European economy more climate-friendly. For example, conversion of crop residues can represent one of vital aspects for sustainable development (Abraham et al., 2016) . According to the European Commission roadmap, the GHGe should be cut to 40% below the 1990 levels by 2030 and to 80% below the 1990 levels by 2050 (Beloev et al., 2017) . Considering all the types of agricultural crop residues, rice straw has been reported to be the most available cellulose source in the world, which makes it interesting for several environmentally friendly applications, like the production of biomaterials, biofuels or high-added value biomolecules (Abraham et al., 2016; Singh et al., 2016) . However, accurate quantification of regional scale crop residue represents an essential aspect necessary for designing effective policies and management practices that can contribute toward mitigating GHGe (Fan et al., 2017) . Several approaches related to biomass partitioning, like harvest index (HI) or straw/grain (S/G) ratio, are widely used to estimate the crop residue from data on harvested yield. Nevertheless, data on rice fibrous byproducts production under European conditions are extremely sparse.
Thus, the aim of this work was to conduct a detailed assessment of rice biomass yield and partitioning and collection and fibre composition of straw under Mediterranean conditions.
Experimental field trial
An experimental field trial was carried out during 2015 at the experimental plots of CICYTEX in order to evaluate the straw Javier Matías et al. of NPK was applied. In the beginning of October, crop was mowed by hand at ground level and the grain was separated mechanically from the rest of biomass using a thresher.
Baling trials
Two baling trials were conducted on October 30, 2014, and on December 3, 2015, in an open rice field located in the Upper Guadiana River Basin of Extremadura (Southwest Spain). Rice harvest was previously carried out using a combine harvester, distributing the straw in windrows separated at the working width (6.5 m). Plants were cut approx. 0.25 m above the ground level. The variety was Gladio. A lineal metre of straw on the windrows was taken in four randomized points to determine the available straw for baling. The main characteristics of the baling machine (John Deere, 359 model) are 1.42 t of weight, 1.75 m of picker and bales of 0.46 m width and 0.36 m height. A tractor of 82 KW and 5.2 t weight with narrow rubber tires was used. Baling yield (%) was calculated as the baled straw in relation to the available straw for baling. After baling, 5 randomized bales were weighed and measured.
Measurements
Data were expressed on dry weight basis. Dry matter content was determined by drying the samples at 103 ºC over three days. Biomass (B) corresponds to the total aboveground biomass dry matter. Following BPI were used: ratio between straw and grain yield (S/G) and harvest index (HI), which was calculated as the G/B ratio, and is related to S/G by:
Rice husk content was determined using a laboratory paddy husker (Satake, Japan). Fibre content and composition (crude fibre, CF; neutral detergent fibre, NDF; acid detergent fibre, ADF and acid detergent lignin, ADL) were analysed following the Ankom procedure. Hemicellulose (H) content was determined by deducting ADF from NDF. Cellulose content (C) was calculated by deducting ADL from ADF. Ash level was measured as the residue remaining after heating at 550 ºC ±10 ºC. Relative Feed Value (RFV) was calculated as Digestible Dry Matter (DDM) multiplied by dry matter intake (DMI as % of Body Weight) and divided by 1.29, where DDM = 88.9 -(0.779 × % ADF) and DMI = 120 / (% NDF).
Statistical analysis
Measured and calculated data were subjected to analysis of variance (ANOVA). In cases when F ratio was significant (P <0.05), Tukey's test was utilized for mean comparison. Linear regression model was used to study relationships between BPI and G. An analysis of covariance (ANCOVA) was performed in order to observe potential influence of variety and yield on BPI, taking variety as factor and yield as covariate. SPSS statistical software was used.
Experimental field trial
Straw yield and biomass partitioning Results are shown in Table 1 . S and BPI varied significantly on the basis of the respective varieties. The average S was 9.7 t·ha -1 . It should be noted that such S is more than two times as much as usually obtained from wheat under Mediterranean conditions (Townsend et al., 2017) and close to that of maize, another summer cereal widely cultivated in Mediterranean regions, at G of 10 t·ha -1 (Junta de Extremadura, 2017) and HI for maize of 0.50 (Fan et al., 2017; Ion et al., 2015) . Different results have been reported for rice in other parts of the world. A higher S (11.8 t·ha -1 ), but similar G (9.5 t·ha -1 ), was obtained on average by Osorio et al. (2007) , who evaluated 14 rice varieties under tropical conditions. This is consistent with that reported by Hay (1995) , who pointed out that G is not correlated with B in rice. In fact, no significant relationship was found between G and S. Thus, Marquesa variety achieved the highest G (10.5 t·ha ), which showed relatively low biomass partitioning. This result is not consistent with that reported by several authors who pointed out that hybrid rice have higher G than inbred lines due to a higher partitioning efficiency (Amanullah and Inamullah, 2016; Bueno and Lafarge, 2009 ). The S/G ranged from 0.79 to 1.59. Osorio et al. (2007) also determined a significant influence of variety on S/G, which varied from 0.84 to 2.00. The HI varied from 0.39 to 0.56, which is in accordance with results reported for different world places, such as India (Singh et al., 2017) , Japan (Hussain et al., 2014) , Brazil (Fageria et al., 2011) , USA-Florida (Prasad et al., 2006) , USA-Texas (Kiniry et al., 2001 ). Significant relationship (P <0.01) between both BPI and G was determined, although less than 30% of the BPI variation could be explained by G. However, the ANCOVA result indicated that the variety factor had a significant influence. Taking into account the pairwise comparison of the ANCOVA, if the varieties showing extreme values of both BPI (Gavella and Creso) were not taken into account, relationships were not significantly influenced by variety, and could be more useful for rice crop residue estimation. Results of that linear regression analysis were: S/G = 1.637 -0.067 G (R 2 = 0.25) and HI = 0.357 + 0.015 G (R 2 = 0.24). It should be noted that this HI-G relationship is quite similar to that obtained for wheat by Fan et al. (2017) . Those BPI were calculated considering rough rice without husk removal, which is very substantial. Average husk content was 19.1%, which is similar to that (20.0%) reported by Hay (1995) , and was significantly influenced by variety (Table  1) . Therefore, comparison with indices of other crops with bare grains would be inadequate. When husked grain (G) was considered, mean harvest index (HI´) was 0.41, which
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is in line with results described by Hay (1995) , and mean S/ G´ was 1.25. Correlation with the corrected grain yield (G´) was also significant in both cases, with similar regression coefficients. Considering both types of fibrous byproducts (straw + husk), the average yield was 11.6 t·ha -1 , ranging significantly according to variety. An average of 1.20 t of fibrous byproducts per tonne of grain was determined, which is in compliance with results observed by Matsumura et al. (2005) .
Fibre content and composition, ash content and relative feed value (RFV) of rice straw according to variety Results are shown in Table 2 . Variety had significant influence on fibre content and composition, which is in line with that reported by others (Sarnklong et al., 2010; Vadiveloo and Phang, 1996) . Fibre content and composition correlated neither with S nor with BPI.
CF, NDF, ADF, ADL, C and H were lower than those reported by Fedna (2013) for wheat and barley straw (36.0%, 72.0%, 46.4%, 8.4%, 38.0%, 25.6%), the most abundant crop byproducts in Spain (Palumbo et al., 2015) , which is in line with that quoted by Bakker et al. (2013) . Nevertheless, potential yield of cellulose from rice straw (mean of 3.2 t·ha -1 , with significant differences among varieties) is quite higher than from winter cereals straw (1.5 t·ha -1 ), considering a straw yield of 4.0 t·ha -1 for wheat and barley (Townsend et al., 2017) . Furthermore, approx. 0.5 t·ha -1 of cellulose could be also obtained from rice husk, taking into account the average husk yield (1.9 t·ha -1 ) and 35.6% of cellulose (Matías et al., 2018) . Cellulose content of rice straw was quite lower than that (41-57%) stated by Liu et al. (2013) and similar to that reported by others (Bakker et al., 2013; Sarnklong et al., 2010; Abou-El-Enin et al., 1999; Vadiveloo and Phang, 1996) . Hemicellulose content was quite lower than that reported by others (Liu et al., 2013 , Bakker et al., 2013 Sarnklong et al., 2010; Abou-El-Enin et al., 1999; Vadiveloo and Phang, 1996) . Lignin content showed values in line with those determined by Vadilevo and Phang (1996) , but lower than those quoted in some papers (Hasanjanzadeha et al., 2014; Liu et al., 2013; Bakker et al., 2013) and slightly higher than the average value calculated by Abou-El-Enin et al. (1999) . High lignocellulosic content in rice straw has been reported to be a limitation for its feeding use by Vadiveloo et al. (2009) . However, average lignocellulosic content in rice straw in this work (58.8%) was lower than that reported for wheat and barley straw (72.0%) by Fedna (2013) . On the contrary, average ash content in rice straw (13.7%) was higher than that stated by Fedna (2013) for winter cereals (7.2%). Ash content varied significantly from 12.0% to 16.1%, which are in reasonable agreement with values reported by others (Hasanjanzadeha et al., 2014; Bakker et al., 2013; Sarnklong et al., 2010; Vadiveloo, 2000; Vadiveloo and Phang, 1996) . RFV values varied significantly among varieties and were higher than those (61.0-68.0) stated by Fekadu et al. (2017) and calculated for wheat and barley straw (68.2) by Fedna (2013) . Varietal differences in the nutritional value of rice straw were also reported by Vadiveloo and Phang (1996) . In principle, the higher the RFV, the better the quality for feeding uses. However, high ash content in rice straw and its high silica content highly reduce its nutritional value (Vadiveloo et al., 2009 ).
Baling trials
The results were 2.9 t·ha -1 (2014) and 2.0 t·ha -1 (2015) of baled straw. Differences between years can be explained because, in 2015, the baling operation was delayed until December due to intense rainfall occurring from September to November (161.7 mm), most likely resulting in straw G -grain yield (rough grain); S -straw yield; B -total biomass yield; HI -harvest index for rough grain; HI´ -harvest index for husked grain; n.s. -no significant difference; means with different letters in the same column differ significantly at * P = 0.05, ** P = 0.01; *** P = 0.001, respectively; SEm ± standard mean error; HSD -critical value for comparison loss. These results are lower than those (approx. 4 t·ha -1 ) reported for winter cereals (Garstang et al., 2009) . Average characteristics of the bales (weight, humidity content and density on fresh basis) were (in 2014-2015): 18.8-19.5 kg, 21.0-21.3% and 117.9-127 .1 kg·m-3. The baled yields (62% in 2014 and 68% in 2015) were lower than the available straw for baling (4.9 t·ha -1 in 2014 and 2.9 t·ha -1 in 2015). Straw losses during the baling operation could be due to several reasons. Despite the low tractor speed (approx. 1.5 km·h-1), the high amount of straw on the windrows with relatively high moisture content (around 25%) saturated the bale-chamber. Nevertheless, according to Singh et al. (2016) , the moisture level was relatively good for baling in terms of adverse conditions. On the other hand, straw losses probably also occurred during the pick-up step due to relatively high moisture content. Available straw amount for baling was quite lower than the straw yield, but it should be noted that rice is usually cut relatively high due to flooding conditions of rice fields. In order to increase the baled straw yield of rice crop, some modifications in baler machine should be developed, such as higher feeding and compression capacity. Furthermore, a special crop management should be carried out to favour an earlier harvest for avoiding autumn rains, trying to harvest at a higher height.
Conclusions
Rice crop has high straw yield under Mediterranean conditions, approx. 10 t·ha -1 , with significant differences among varieties. Individual varieties showed significant impacts on majority of evaluated parameters, which makes estimations based on average rice crop values less accurate. Significant relationships (P <0.01) were observed between both BPI and G, but these should be taken into account with caution, because less than 30% of the BPI variation could be explained by G. New works should be carried out to confirm the stability of those relationships between varieties. Straw fibre content and composition were influenced neither by S nor by G. The RFV was relatively good (92.9), although average ash content was high (13.7%). Rice straw showed to be a good eco-friendly source of lignocellulosic biomass in Europe, with approx. 32.5% of cellulose. More than 3.0 t·ha -1 of cellulose could be potentially obtained from rice straw. Nevertheless, results of straw collection were low. Less than 3.0 t·ha -1 could be baled. To increase the amount of baled straw, a special crop management should be carried out and improvements in baling machine should be developed. CF -crude fibre; NDF -neutral detergent fibre; ADF -acid detergent fibre; ADL -lignin acid detergent; RFV -relative feed value; C -cellulose; H -hemicellulose; means with different letters in the same column differ significantly at ** P = 0.01;*** P = 0.001; SEm ± standard mean error; HSD -critical value for comparison
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